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N O T I C E  

T H I S  D O C U M E N T  HAS B E E N  R E P R O D U C E D  F R O M  T H E  

BEST C O P Y  F U R N I S H E D  US B Y  T H E  SPONSORING 

A G E N C Y .  ALTHOUGH IT IS R E C O G N I Z E D  T H A T  C E R -  

T A I N  P O R T I O N S  A R E  I L L E G I B L E ,  I T  IS  B E I N G  R E -  

L E A S E D  I N  T H E  I N T E R E S T  O F  MAKING A V A I L A B L E  

A S  MUCH I N F O R M A T I O N  A S  P O S S I B L E .  
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THE AERODYWBIJIC ABALYSIS 03' THE GYROPLAXE 

ROTAT IIJG-WING SY S TEN 

By John B. Wheatley 

SUKMARY 

An aerodynamic a n a l y s i s  of t h e  gyroplane  r o t a t i n g -  
wing system i s  p r e s e n t e d  h e r e i n .  This  system c o n s i s t s  of 
a f r e e l y  r o t a t i n g  r o t o r  i n  which o p p o s i t e  b l a d e s  a r e  r i g -  
i d l y  connec ted  and alloxred t o  r o t a t e  o r  f e a t h e r  f r e e l y  
about  t h e i r  span  a x i s ,  Equat ions  have been d e r i v e d  f o r  
t h e  l i f t ,  t h e  l i f t - d r a g  r a t i o ,  t h e  a n g l e  of a t t a c k ,  t h e  
f e a t h e r i n g  a n g l e s ,  and  t h e  r o l l i n g  and p i t c h i n g  moments 
o f  a gyroplane  r o t o r  i n  terms of i t s  b a s i c  parameters .  
Curves o f  l i f t - d r a g  r a t i o  a g a i n s t  l i f t  c o e f f i c i e n t  have 
been c a l c u l a t e d  f o r  a t y p i c a l  c a s e ,  showing t h e  e f f e c t  o f  
vayying t h e  p i t c h  a n g l e ,  t h e  s o l i d i t y ,  and t h e  ave rage  
b l a d e - s e c t i o n  drag  c o e f f i c i e n t ,  The a n a l y s i s  expres ses  
s a t i s f a c t o r i l y  t h e  q u a l i t a k i v e  r e l a t i o n s  between t h e  k o t o r  

3 

, c h a r a c t e r i s t i c s  and t h e  r o t o r  pa rame te r s .  A s  d i s c l o s e d  by 
2 t h i s  i n v e s t i g a t i o n ,  t h e  aerodynamic p r i n c i p l e s  o f  t h e  gy- 

r o p l a n e  a r e  sound,  and f u r t h e r  r e s e a r c h  on t h i s  wing sys- 
tem i s  j u s t i f i e d .  

IXTRODUCT IO?$ 

From c o n s i d e r a t i o n s  o f  s a f e  f l i g h t ,  i t  i s  d e s i r a b l e  
t h a t  an a i r p l a n e  should  be  a b l e  t o  f l y  s lewly  under  good 
c o n t r o l  w i thou t  t e n d i n g  t o  s t a l l  o r  s p i n ,  and should  be 
capab le  o f  descending  s t e e p l y  and l a n d i n g  i n  a r e s t r i c t e d  
a r e a  i n  t h e  event  of an engine  f a i l u r e .  The N . A . C . A . ,  i n  
pu r suance  o f  i t s  reseF-rch on s a f e t y  i n  f l i g h t ,  has in t en -  
s i v e l y  s t u d i e d  ro ta t ing-wing  systems and  found t h a t  they  
p o s s e s s  c h a r a c t e r i s t i c s  which conform c l o s e l y  t o  t h e s e  
s a f e t y  requi rements .  

A p r e l i m i n a r y  ana lgs i s  of $ L e  gy rop lane  r o t a t i n g -  
wing system d i s c l o s e d  s u f f i c i e n t  prornise t o  j u s t i f y  fur- 
t h e r  wsrk. I t  w a s  dec ided ,  t h e r o f o r e ,  t o  develop t h e  de- 
t a i l e d  aerodynamic anaLys i s  o f  t h e  gyroplane  r o t o r  as a 
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g u i d e  f o r  f u r t h e r  i n v e s t i g a t i o n s .  The a n a l y s i s  i s  based 
on t h e  a u t o g i r o - r o t o r  t h e o r y  g iven  i n  r e f e r e n c e s  1 and 2 
and experimen ly v e r i f i e d  by t h e  da ta  r e f e r e n c e  
3. The a e r o d  m i c  s i m i l a r i t y  between t 
a u t o g i r o  i s  v e r y  c l o s e ,  t h e  on 
o f  b l a d e  motion used  t o  e l i m i n  r o l l i n g  moments i n  
t h e  t w o  systems.  

DESCRIPTIOH 

The gyroplane  r o t o r  c o n s i s t s  o f  f o u r  % l a d e s ,  t h e  op- 
p o s i n g  b l a d e s  be ing  r i g i d l y  connec ted ,  which r o t a t e  f r e e l y  

d e r  t h e  i n f l u e n c e  of a i r  f o r c e s  about  a n  approximate ly  
v e r t i c a l  a x i s ,  Each b l a d e  pair is h e l d  i n  b e a r i n g s  a t  t h e  
hub which pe rmi t  t h e  b l a d e s  t o  o s c i l l a t e  o r  f e a t h e r  f r e e l y  
a b o u t  t h e  a x i s  o f  t h e  b e a r i n g ;  i , e . ,  t h e  f e a t h e r i n g  a x i s .  
The b l ade  is u s u a l l y  o f f s e t ,  swept back. o r  b o t h ,  t o  p l a c e  
t h e  b l a d e  c e n t e r  o f  p r e s s u r e  behind t h e  f e a t h e r i n g  a x i s  
a n d  t h u s  s t a b i l i z e  t h e  f e a t h e r i n g  motion. F igu re  1 shows 
t h e ' r o t o r  ana lyzed  i n  t h i s  pape r ;  t h e  blades a r e  rec tangu-  
l a r ,  and a r e  o f f s e t  and swept back f r o m  t h e  f e a t h e r i n g  
a x i s .  

AlTALYS IS B 

The aerodynamic a n a l y s i s  o f  t h e  gyroplane  i s  e s s e n t i a l -  
l y  s i m i 1 a . r  t o  t h a t  o f  t h e  a u t o g i r o .  F o r  t h i s  r eason ,  '%de  
a u t o g i r o  t h e o r y  o f  G laue r t  and  L o c k  ( r e f e r e n c e s  1 and 2 )  
h a s  been used  as  a g u i d e  i n  t h i s  development. The exper i -  
menta l  v e r i f i c a t i o n  o f  t h e  a u t o g i r o  a n a l y s i s  ( r e f e r e n c e  3) 
. i s  cons ide red  i n d i c a t i v e  of t he  v a l i d i t y  o f  t h i s  t r ea tmen t  
of  t h e  gyroplane .  

I n  t h e  gene 1 c a s e ,  t h e  gy rop lahe  r o t o r  t r a v e l s  a t  a 
v e l o c i t y  V, and t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  r o t o r  a x i s  
i s  i n c l i n e d  a t  t h e  a n g l e  a t t h e  d i r e c t i o n  o f  f l a  

u n d i s t u r b e d  a i r .  The a e r o  n a n i c  a n a l y s i s  of t h e  r o t o r  
1 be made i n  two d i s t i n c t  p a r t s :  F i r s t ,  e q u a t i o  
developed f o r  t h e  r e g i o n  between zero  l i f t  and t 

i m u m  l i f t  c o e f f i c i e n t ,  and second,  a method f o r  elva 
t h e  r o t o r  f o r c e s  i n  t h e  v e r t i c a l - d e s c e n t  c o n d i t i o n  
p r e s  eat  e d . 

a t e  neighborhood o f  t h e  r o t o r ,  i 
e r a t e d  b~ t h e  a i r  f o q c o s  a c t i n g  f 
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. r o t o r .  The r e s u l t a n t  f o r c e  a ng on t h e  r o t O r  w 
i n c l i n e d  but  s l i g h t l y  t o  t h e  o r  a x i s ,  s o  i t  w i l l  be  as- 

qed  t h a t  t h e  induced v e l o c i t y  i s  gene ra  d by the  compo- 
mle5t of t h e  r e s u l t a n t  f o r c e  a long  t h e  a x i  I n  t h e  low- 
a z g l e - o f - a t t a c k  c o n d i t i o n  i t  m i l l  be  assumed t h a t  in- 
duced v e l o c i t y  i s  c o n s t a n t  i n  magnitude over  the 
d i s k .  Then, from a i r f o i l  t h e o r y ,  

T .  

21-r R2 p V 1  
v = ---------- 

. .. - . . I I  

Gber e v i s  t h e  induced v e l o c i t y  
. .  

T i s  t h e  r o t o r  t h r u s t  

R i s  t h e  r o t o r  r a d i u s  

p is t h e  gir d e n s i t y  

VI i s  t h e  r e s u l t a n t  v e l o c i t y  a t a t h e  r o t o r  . .  

The a x i a l  component uz of t h e  resu1ta ; i t  v e l o c i t y  i s  
- I  . 

uz = V s i n  a - v 

a n d  t h e  compo:ient ux o f  t h e  r e s u l t a n t  v e l o c i t y .  i n  t h e  
p l a n e  of  t h e  d i sk  i s  

% .  . .  

ux = v cos  a ( 3 )  

L e t  uz = h R R  ' ( 4) 

where s2 i s  t h e  r o t o r  a n g u l a r  v e l o c i t y  and . 

u x =  p , n R  

Then 

( 5 )  

The t h r u s t  c o e f f i c i e n t  CT w i l l  be d e f i n e d  by t h e  eQUa- 
t i o n  

rn 

* 
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. .  
( 9 )  

The f e a t h e r i n g " o f  t h e  b l a d e  p a i r  i s  a p e r i o d i c  func- 
t i o n  o f  t h e  a.ngular p o s i t i o n  o f  t h e  b l ade .  The a n g l e  o f  
f e a t h e r i n g  can then  be expres sed  as a. F o u r i e r  s e r i e s  i n  q ,  
t h e  ailgle o f  t h e  b l a d e  from i t s  downwind p o s i t i o n .  The 
?-,lade p o s i t i o n  w i l l  be d e f i n e d  as t h e  a n g u l a r  p o s i t i o n  of 
t h e  b l ade  t i p  p r o j e c t e d  onto  t h e  p l a n e  p e r p e n d i c u l a r  t o  
t h e  r o t o r  a x i s ,  and measured t o  t h e  t i p  quar te r -chord  p o i n t .  
S i n c e  opposing b l a d e s  have a n  equa l  and o p p o s i t e  f e a t h e r -  
i n g  a n g l e ,  t h e  c o e f f i c i e n t s  o f  t h e  even m u l t i p l e s  o f  * i n  
t h e  F o u r i e r  s e r i e s  w i l l  be z e r o .  Then i f  8 i s  t h e  i n s t a n -  
t aneous  p i t c h  a n g l e  o f  t h e  b l a d e , ,  , 

0 = a. - ax cos  I$ - bl - s i n $  - as cos  3$ - I Y ~  s i n  a\lr (IO) 
. .  

where a b  i s  t h e ' p i k c h  s e t t i n g  o f  t h e  b lade .  

a .  From f i g u r e  1 i t  i s  seen  t h a t  t h e  d i s t a n c e  from'th-e  
' f e a t h e r i n g  a x i s  of a b l a d e  elemexit d r  a t  T i s  € R 3. 

(> r, when t h e  b l ade  i s  o f f s e t  a d i s t a n c e  E R f r o m  t h e  
f e a t h e r i n g  a x i s  and has  a sweepback [ R a t  t h e  b l a d e  
t i p .  I f  UT i s  t h e  b l a d e  v e l o c i t y  component p a r a l l e l  t o  
t h e  r o t o r  d i s k  a a d ' p e r p e n d i c u l a r  t o  t h e  p r o j e c t i o n  i n  t @ e  
c o t o r  d i s k  o f  a r a d i u s  drawn t o  the  b l a d e  t i p ,  

UT = SZ r + p R R s i n  $ (11) 

The b lade  v e l o c i t y  component U p  i s  t h e  component pe r -  
p e n d i c u l a r  t o  t h e  r o t o r  d i s k ;  t h e n  

(12) ' U p = A , b . S 2 R f . ( ~ r + c R )  at de. . 

, If U i s  t h e  r e s u l t a n t  b l a d e  v e l o c i t y  i n  a p l a n e  perpen- 
' d i c u l a r  t o  t h e  p r o j e c t i o n  of  t b s  b l a d e  radius  i n  t he  r o t o r  

d i s k ,  and cp t h e  a n g l e  between U and. t h e  r o t o r  d i s k ,  

t i 

1 

- >  
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The t e rm h fl. R i s  t h e ' p r i n c i p a l ,  p d 
i s  found t o  be l e s s  t h a n  3 p e r c e n t  o f  t h  r 
any r e a s o n a b l e  s e t  o f  v a l u e s  of %he r o t o r  c h a r a c t e r i s t i c s .  
I t  follows t h t  i n  a-ng p a r t  o f  t h e  r o t o r  d i s k  i n  which 
t h e  r e s u l t a n t  v e l o c i t y  i s  l a r g e  Up is 'small i n  coq ari- 
son w i t h  UT. It  w i l l  consequen t ly  e assumed tha t  A sincp = 
cp and cos cp = I, Then 

'pp 

I n  t h e  eva lua t io s i  o f  t h e  elerrientary a i r  f o r c e s  o n  
t h e  b l a d e ,  i t  i s  assuned  that t h e  r e s u l t a n t  f o r c e  on a 
b l a d e  element l i e s  i n  a p l a n e  p e r p e s d i c u l a r  t o  t h e  p ro jec -  
t i o n  o f  t h e  b l a d e  r a d i u s  i n  t h e  r o t o r  d i s k ,  and depends 
o n l y  upon t h e  r e s u l t a n t  v e l o c i t y  i n  that p l a n e . ,  ~ . .  

The t h r u s t  on a b l a d e  element a r  a t  a r a d i u s  r i s  

where dT i s  t h e  element o f  t h r u s t  on  o n e  b lade '  

i s  t h e  b l a d e  chord (assumed c o n s t a n t )  c 

' CL i s  t h e  l i f t  c o e f f i c i e n t  0% t h e  b l a d e  elemenf, 

Tl?e t o t a l  thrust  on t h e  r o t o r  i s  o b t a i n e a  by i n t e g r a t -  
i n g  t h r  th rus t  a long  the  radius and t a k i n g  . the  ave rage  v a l -  
u e  around t h e  disk. I t  i s  c o n s i d e r e d  a d v i s c b l o  t o  a l l o w  
f o r  t i p  losses. by assuming that t h e  o u t e r  t i p  of t h e  b l a d e  
develops  no t h r u s t ;  t h i s  o u t e r  p a r t  i s  assumed t o  have a 
span  o f  one ha l f  t h e  t i p  cbord ,  and t h e  radius t o  t h i s  p a r t  
i s  d e s i g n a t e d  BR. A f u r t h e r  c o r r e c t i o n  i s  r e q u i r e d  t o  ex- 
p r e s s  i n  t h e  thrust e q u a t i o n  t l ie f a c t  that  t h e  v e l o c i t y  UT 
i s  n e g a t i v e  i n  t h e  r e g i o n  boundel! by !r = - p R s i n  $ and 
i n  that  r e g i o n  t h e  angle o f  a t t a c k  of t l ie b l a d e  e lements  
r e q u i r e s  an  e x p r e s s i o n  d i f for i i -zg  f r o m  €hat  used  ove r  t h e  
r e s t  0% t b e  disk.  Ai1 a G d i t i o n a 1  term i n  the thrust  i n  
graL i s  used  t o  c o r r e c t  tlzc Gxpzess ios  f o r , t h e  a n g l o  o f  at- 
t ack .  If i s  aBsuzned, p robab ly  wi th  small e r r o r ,  t h a t  when 



t%.dhrcloci ty  i s  d i r e c t e d  f r o m  t h e  t r a i l i n g  edge t o w a r d  t he  
l e a d i n g  edge o f  t h e  a i r f o i l ,  the  l i f t  cu rve  has t h e  same 
s&~$e as f o r  normal f l o w  and e l i f t  c o e f f i c i e n t  may be 
expressed i n  a n  e q u i v a l e n t  manner. The t o t a l  thrust  T 
on .'the ro-tor ~lla'g-be :expreis'ed 

. Tr '. B E  

' 0 . .  0 ' 

1 ti$ j + p C - U ~  GL d r  
L . *  

. >:: 

On t h e  s t r a i g h t - l i n e  p o r t i o n  o f  t h e  1if.t curve  

where . a i s  t he  l i f t - c u r v e  ql,op,e '5.q r a d i a n  'measure 

a, i s  t h e  a n g l e t 3 0 f  a t t a c k  of..t,he 'a1ad.e element f o r  
normal f l o w ,  measured f r o m  zero l i f t  

> *  

art i s  t;he a n g l e  o f  a t t a c k  03 , t he  blade element f o r  
r o v c r s e d  f l o w ,  measured f r o m  z e r o  l i f t  

~ Also ur = 0 f cp 

art = LI 0 .- c$ ( 1 9 )  

and ' a r e  dctcrminod b y ' t g c  convcn- - .. 
i v e  anz le  of  n t t n c k  gj.vo.s a pos,j,tivo ele- 
$d. as Qr  ~j,r' is a c u t o  angle be 

tween the  blade chbrd  aizd t h e  r c s u l t a  

P 

n 

B 

i 

- 
3 
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-p,3 s i n  
4- -- 7 d 9 . l  ( 2 0 )  

2JT , 0 

f r o r h  (Is), 
I ,  

C b l l e c t i n g  and r e a r r a n g i n g ;  and s u b s t . i t > t i n g  f o r  U and  

I .  r 

. .  
. I  

I3 . -  3 

’ 2I-r 
2 T = -- f d‘# 1 $ p  ~ ~ ( O U T  + U y U p )  d r  

0 2v 

a-r -&ii s i n $  
- 5  J .  a $  J k p c a (0  UT^ 3. UT U p )  d r  (21)  

. _ .  . . .  R . ? T  0 

f o r  
S u b s t i t u t e  f o r  UT and  up from (11) and (121, and/ 

d 8 / d t  from (lo), r iot ing t h a t .  dq/dt  = a. During i n t e g r a -  
t i o n  i t  will be assuEed t h a t  terrrs  o f  h i g h e r  o r d e r  i n  p, 
tl;ar, t h e  f o u r t h  a r e  n e g l i g i b l e ,  a;id i t  mill be shown h t e r  
by i n s p e c t i o n  t h a t  an and b, a r e  of tZle o r d . e r  pn. 
The i n t e g r a t i o n  and  s i m p l i f i c a t i o n  o f  ( 2 1 )  r e s u l t s  i n  

T =  2. pcnb C f R 3  {i h ( B 2 +  .$ b2)+ao (l B 3 f - I. p, 2 3--- 4 p3) 
2 3 2 9lT 

and  ‘ 



where G = bc andfrcpredoxit'gh: $QF, r e c t a n g u l a r  b l a d o s ,  t h e  TrR 
ra t io  between t o t a l  b l a d e  area and swept-disk 
a r e a .  I ,. 

. .  . .  .i -, . 
.I . 

The aerodynamic t o r q u e  on t h e  e l e m e i t  dr may bo 
w r i t  t ea. 

dQl = ' *  p Ua c r d r  G L ~  - h p U 2  c r dr 6 f 24) 

where 6 i s  t h e  ave rage  p r o f i l e - d r a g  c o e f f i c i e n t  o f  t h e  
b l a d e  ... s e c t  i o n .  

I n  numer ica l  work, 6 should be a s s i g n e d  a v a l u e  that  av- 
e s  t h e  high: drag c o e f f i c i e n t s .  l a r g e  a n g l e s -  o f  a t -  
and t h e  s m a l l e r  c o e f f i c i e n t s  *low a n g l e s .  A value 

g r e a t e r  by 50 p e r c e n t  t han  t h e  m i n i m u m  i s  cxrggcsted,' inas-  
much as t h e  l a r g e  a n g l e s  of  a t t a c k  occur  or-ly a t  l o w  vc- 
l o c i t i e s .  . .  

I n  t h e  e v a l u a t i o n  or" equa t ion  (24)  t t p  losses n i l 1  be 
accounted  f o r ,  a s  i n  t h e  t h r u s t  eq:iat.ion, by i n t e g r a t i n g  
. t o  t h e  radius B R ,  igstead. o f  t o  11. ,The d r a g  term m i l l ,  
honevcr,  be  - i n t e g r a t a d  t o  t h o  t i p ,  s i n c e  t h e  is more 
l i k e l y  t o  be augmented t h a n  d iminished  where t h e  thrust  
d i s app qar s . 

1 -  

rSumming t h e  e n t i r e  t o r q u e  apd takiiig t h e  a s q r a g e  va l -  
u c ,  e q u a t i o n  ( 2 4 )  becomes . "  , 

I - .  
* 



.. 
1 .  

8 
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. R . ; . ._ 
j $ " p c ~ ~ g ' ~ r  PC8 d r  
0 

. .. , 2l-l - y B  s iaq  ~. 
(25)  - .  , . + -b-J a $  J . $ . p c ~  T ~ T ~  P 'dr 4 - _ L  

0 2n IT 

..steady s t a t e  Q o t a t i o n ,  t h e  t o r q u e ,  be zero.  
anging  and  equ ng t o  ze ro ,  I . .. 

2n BX 
b 

, Q = - f d V f  & p. c a i 0  < UT U p  f Up" ).r dr 
2rr 0 0 

. .  . . .: 

I n t e g r a t i n g  a a d  c o l l e c t i n g ,  a,nd n e g l e c t i n g  terms o f  h i g h e r  
o r d e r  t h a n  p4, as i n  'th-e t h r u s t  expre'ssi61i; 
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unknowns i n  (2<7) '*are  p,¶ h ,  and the b l a  
e n t s  a l r  b,, a'3, .ana: b,, The s o l u t i o n  f 

a f u n c t i o n  o f  i ~ ,  may be ob ta ined  by e x p r e s s i n g  t 
motion c o e f f i c i e n t s  as f u n c t i o n s  o f  p and h. The f o l -  
l awing  c o n s i d e r a t i o n  o f  t h e  b lade  mot-ion w i l l  be u t i l i z e d  
t 'o'  exp res s  t h e  blade-motion c o e f f i c i e n t s  i n  t h e  d e s i r e d  
f o r m .  

, . I .  . .. . I -  
:-. I ,. . 

The dynamic equat i  for t h e  o s c i l l a t i o n  o f  a 
p a i r  about t h e  f e a t h e r i  a x i s  may be w r i t t e n  

where (zs-4 aT1) i s  t h e  t h r u s t ' . o n  a b l a d e ' e l e n e n t  dr , when 
t h e  b l a d e  p o s i t i o n  i s  $ 

("L) $+IT t h e  b l a d e  p o s i t i o n  i s  $ 4- V' 
i s  t h e  th rus t  on a b l a d e  element d r .  when . .  

i s  t h e  moment o f  i n e r t i a  o f  t h e  b l a d e  p a i r  
about  t h e  f e a t h e r i n g  axis 

. .  
IP  

% .  

From e q u a t i o n s  (10) ani! (zL), 

= pca +!(ao, - a, cos  $ - b,, sin $ - a3 c o s  ' 3 q  
' 

c 

P 

(hSz~. + C C Q R  +[Or] [a, s i n @  - b, c o s $  3a3 s i n  3+ 

('2 9) - 33, c o s  3$))) 

i s  i ' d e n t i c a l  w i t h  w i t h  t h e  9ign'- 
d r  

and  

o f  each t r i g o n o m e t r i c  fu.iiction r e v e r s e d o  

The r e v e r s a l  B f .  f l o w  0ve.r 'a. ' pqr t  ion' o f  t h e  . r e t r e a t i n g  
b l a d e  i s  n e g l e c t e d  in. t h e  eqi ia t ion f o r  t k e  f e a t h e r i n g ,  
s i n c e  normal ly  b o t h  t'ne f o r c e s  aiid iaoibent a r m s  i n  that por- 
t i o n  w i l l  be v e r y  s.1.a-11. 

4 

' 1  

0 "  
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From equa t ion  ( I O ) ,  

2 
(30) --- "e = R ( a l c o s $ f b ,  s i n $ f 9 a , c o s  3il, + 9b, s i n  3'$) 

d t" 

S u b s t i t u t e  ( 2 9 )  and  (30)  i n  ( 2 8 ) ;  i n t e g r a t e  and c o l l e c t ,  
Then 

E B3 4- I, [ B4)  - p2 a l (E  B + 5 B2) . 
J - 2 a l  1 (5 4 2 2 

- 2 b L ( i  E 2 2  B f $ € [ B 3 f  4 I: 2 4  .B  )+ - 1 2  p a a ( E B f  J- [B") 1 c d s  Y 
2 2 J 

2 Ip - - -I-- * (al cos  * + bL s i n  '# +9a, c o s  @+9b3 s i n  3$) 
pea E 



G 

_.. 

S u S s t i t u t e  t h e  above iil (31) and e q u a t e  t h e  c o e f f i c i e n t s  
o f  cor responding  t r i g o n o m e t r i c  te rms;  t h e n  

The c o e f f i c i e n t s  q and 5 mill normally be o f  t h e  o r -  
der of 0 .1  o r  smaller. The te rm IC4 i s  t h e a  o f  t h e  sec- 
ond  o r d e r  w i t h  r e s p e c t  t o  E, ,  'IC2, and E,. A f i r s t  approx- 
ima t ion  t o  t h e  s o l u t i o n  of (31) may be o b t a i n e d  by n e g l e c t -  
i ng  IC&. Then 

4P, FJ. "0 + 2 K 3  p h 

' 3 .2 ------..- ___--- ------- y -I- 2IC1 4 2 p 
4 ( 9 y  4 2ir.1 + FJ.2 x3) 

(33) ----- -----.- - ------ - ---- -- ---- .------..- ------ 
FJ.4 E32 . 1. 

h i  =. - I 

. .  
IC3 - 
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Equa t ions  (33) t o  ( 3 6 ) ,  i n c l u s i v e ,  show t h a t  a, ,  b,, 
as, and b, a r e  l i n e a r  f u n c t i o n s  o f  1. S u b s t i t u t i o n  of 
t h e s e  e q u a t i o n s  i n  t h e  t o r q u e  e q u a t i o n  r e s u l t s  i n  a quad- 
r a t i c  i n  h, the only  unknown, making t h e  s o l u t i o n  f o r  
h s imple.  Tne l a r g e r ,  o r  p o s i t i v e ,  v a l u e  o f  1 o b t a i n e d  
i n  t h e  s o l u t i o n  cor responds  t o  a p o s i t i v e  a n g l e  o f  a t tack ;  
t h e  smaller, o r  n e g a t i v e ,  v a l u e  corres-9ond.s t o  a n e g a t i v e  
a n g l e  o f  a t tack .  

The aerodynamic p i t c h i n g  momeilt i s  e a s i l y  determined 
from 8 c o n s i d e r a t i o n  o f  t h e  t h r u s t  v a r i a t i o n  w i t h  $. If 
M i s  tfie p i t c h i n g  moment a b o u t  an  a x i s  p a s s i n g  through 
t h o  r o t o r  a x i s  

S u b s t i t u t i n g  f r o m  (16), (18), and (19), i n t e g r a t i n g  and 
co 11 ec t i n g  

The r e v e r s e d  f l o w  i s  a g a i n  ignored  h e r e  as be ing  o f  n e g l i -  
gible importance.  

S i m i l a r l y ,  t h e  r o l l i n g  moment Lr may be w r i t t e n  

and 



2 4  L'= - -  I bcpa R R {i v h ~ ~ +  , . m Q ~ 3 t  ax($ c: B ~ +  B&) 
. . . . . . . . . . . .  . . *  

. 2  t ? ,  
. .  . . . .  . .  . .. . . . . . . . . . .  . . . . . . . .  . . .  . .  . i :  . . . . . . . . . . . . . .  ./..: . . . . . . . . .  .... : . .  

% ' '  (40) 
.* . .&. '''8" . 2 ~ .  

..2 

1 
8 "', 2 -  . - - bx(13: f T,,;L:. p;7:$ .,. 6.;.;;:I,.. 

The energy lasses i q  t h e  r o t o r  a r i s e  o n l y  f r o m  t h e  
e i i e r a t ion  o f  thrust a%d -%'he p r o f i l e  d r a g - o f  t h e  b l ades .  - . .  . . .  - _  . ~ 

I . \. 1 . .  .: . * 

n 
. R  1 :  

V D = V T + ~ ;  b 1 f + P C S U ' ~ ~  

.* 
~ t ' 8  

L = T c o s  a 

. .  . .  , 

. .  ;: / ::.. 
r .  . I , : . . . . .  

s i m p l i f y i n g ,  

c 6  
: , .:: 'j 

u3dr  

.. .I 

(43) 
: ._. . -  . .  . .  . . . .  

. . \ *  :. . ?:. ': .... 

- .  
The lift coef t h e  r o t o r  C 

p r e s s e d  i n  t e rms  of, .CT from 

- c. 

- "T 'TT R2 p R2 R2 C O S  a 
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S u b s t i t u t i n g  f o r  CT i n  (44)  

15 

(47) 
t 

i s  t h e  r o t o r  d r a g  c o e f f i c i e n t .  A t  small a n g l e s  'Dr  where 

o f  i n c i d e n c e ,  h i s  n e g l i g i b l e  w i t h  r e s p e c t  t o  p, and 
c o s  a i s  n e a r l y  u n i t y .  Then 

i l l u s t r a t i n g  t h a t  a t  small a n g l e s  of a t t a c k  t h e  d rag  coef- 
f i c i e n t  can be  expres sed  as t h e  sum of a p r o f i l e  and a n  
induced-drag coef f i ciei i t  . 

The p r e c e d i n g  e q u a t i o n s  ( s p e c i f i c a l l y  ( 9 )  , (23 )  , ( 2 7 ) ,  
( 3 3 ) ,  ( 3 4 ) ,  ( 3 5 ) ,  ( 3 6 ) ,  (38), ( 4 0 ) ,  and ( 4 4 ) )  determiiie 
comple te ly  t i le low-angle-of-at tack o p e r a t  i on  of a gy rop lane  
r o t o r  when i t s  p l iy s i ca l  dimensions and  cons t a i i t s  a r e  known. 
The f i r s t  s,tep i n  t h e  a p p l i c a t i o n  o f  t h e s e  e q u a t i o n s  i s  t o  
ke t e rmine  a l ,  b l ,  a3 ,  b3 as f u n c t i o n s  of h f o r  a n  assumed 
s e r i e s  o f  v a l u e s  o f  p, r ang ing  from 0.0'7 t o  0.6. The 
nex t  s t e p  i s  ' t o  s o l v e  t h e  t o r q u e  equ.ation f o r  h ,  a f t e r  
which t h e  a n g l e  of a t t a c k ,  l i f t  c o e f f i c i e n t ,  and d r a g  co- 
e f f i c i e n t  may be de te rmined  f r o m  t h e  e q u a t i o n s  given.  
T k e  r o t o r  l o a d i n g  de te rmines  V f o r  a g iven  l i f t  c o e f f i -  
c i e n t ,  and  t h e  t i p  speed  can t'n'en be found from p, a, and  
v. 
t h e  e q u a t i o n s  p r e v i o u s l y  developed g i v e  e r roneous  resu l t s .  
I t  i s  s u g g e s t e d  that  t h e  drag c o e f f i c i e n t  a t  a n  a 
a t t a c k  of  90* be c a l c u l a t e d  by Clze f o l l o w i n g  meth 
o n  a n  e m p i r i c a l  relationship o b t a i n e d  i u  wind-tunnel  ex- 
pcrirnents  ( r e f e r e n c e  4 ) .  

I n  t h e  h igh-angle-of -a t tack  r ange ,  s ay  from 50' t o  goo,  

F i g u r e  2 shons a curve o b t a i s e d  from r e f e r e n c e  4 t h a t  
dcf i i ios  t h e  r e l a t i o n s h i p  kc tvcen  t h e  t h r u s t  c o e f f i c i e n t  
o f  a p r o p e l l e r  based  o n  speed o f  t r a a s l n t i o n  azd t h e  t h r u s t  
c o e f f i c i e n t  based on t h e  v e l o c i t y  o f  t h e  a i r  i n  t h e  neigh- 
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bor .hood o f  t h e  p r o ~ e l ' l e r ,  The e x p r e s s i o n s  ar-e 
< %  . 

and  

[ q;" 'j . . . . . . . .  . . .  . . . . . .  

, (49)  

n h e r e  uz i s  t h e  a x i a l  f l o w  a t  t h e  p r o p e l l e r  and  f and 
_ '  p..-,are t h r u s t  coef f ic .Tents .  8iinos - 

( f r o m  e q u a t i o n  (12)), equa t ion  (50)  .becomes 

. .  . .  
0 i s  t h e  r o t o r  d rag  c o e f f i c i e n t  a t  90, a n g l e  

' D r  
and i f  

o f  a t t a c k ,  

( 5 3 )  

EquFt iQn ( 5 2 )  i s  e v a l u a t e d  f r o m  equ n s  ( 2 3 )  and ( 2 7 ) ;  
t h e  p r o p e r ' v a l u e  of l/$ i s  t h a n  o ned f r o m  f i g u r e  2 ,  
f - ro in  the' b'ranch of '  t h e  'curve l a b e l 6  indmj.11 d e c e l e r a t -  
... i n g  s t a t e , "  and 

' t e s t  ( r e f e r e n c e  5) t h a t  i n  t h e  .h igh-angle-of -a t tack  r a r g o  
t h e  r e s u l t a n t  f o r c e  c o e f f i c i e n t  CR 'is' c o n s t a n t  and eqya l  

CD,' ., f o l l o w , s  a t  o . . .  
* Sorne i n d i c a t i o n  ,has been o b t a i n e d  f r o n  a n  i s o l a t e d  

t h e n  ,Dec.ome 0 CR cos a 
* ' CR s i n  a, - r e  ly, where a may %be c a l c u l a t e d  

r o l a t  ionshi;? is i l o t  recommend- 
more g e n e r a l  v e r i f i c a t i o n .  

t 



L I S T  OF SYfJIBOLS . .  
,. i V e l o c i t  i.es: . .  

IT, v e l o c i t y  o f ' t r a n s l a t i o n  o f  r o t - o r  .. 

. .  OR, t i p  speed o f  r o t o r  ~: ). 

v ,  induced a x i a l  v e l o c i t y  a t  r o t o r  : , -  

V', r e s u l t a n t  f e - l o c i t y  a t  r o t o r  . I  

comlponent o f  VI 4n p l a n e  o f  , d i s k  . 

uz, a x i a l  component o f  V I  

U ,  r e s u l t a n t  v e l o c i t y  a t  b l a d e  element perpendicu-  
l a r  t o  a lade  span a x i s  

I .  

U T ,  componept o f  >U' p a r a l a e l  t o  d i s k  

Up, component of U p e r p e n d i c u l a r  t o - d i s k  

Torces:  . .  

T,. r o t o r  t h r u s t  

L,, r o t o r  l i f t  
. . I .  ' - 

D r ' ,  r o t o r  d rag  a t  90' angle o f  a t t a c k  , 

Moments: 
. , * . ' .  , . 3 , .  . . -  

e ,  r o t o r  t o r q u s  abou t  a x i s  o f  r o t a t i o n  

M, r o t o r  p i t c h i n g  moment 

'. 
L * ,  r o t o r  r o l l i n g  moment 

Angles:  

$,  9 .  , a z imuth  a n g l e  o f  Blade  I I .  

a ,  a n g l e  o f  a t t a c k  o f  r o t o r  

a,, angle 02 a t t a c k  o f  b l ade  elernent 



. I  Angles ( c o n t .  ) : 

Q ,  a c u t e  angle between U and p l a n e  o f  d % & X *  

8 ,  i n s t a n t a n & o * u s . b i d d  

an '  

**. 

'. \. i p i t c h  s e t t i n g  o f  b l a d e  .' 

:;* I ,  
- 8  

R o t o r  c o n s t a n t s :  

a ,  l i f t  curve  slo:  ? b l a d e  p r o f i l e  ' 

moment o f  i n e r t i a  o f  b i a d e  p a i r  about  . f d a t h e r i n g  
a x i s  6 . .  

'. * . ., 5 

IP , 

e,. b l a d e  chord 

R ,  r o t o r  radius 

y ,  

E X ,  

PR, 

, .  . -  
I .  ~ 

c p a R "  
aass c o n s t a n t  if- b x a d k ' p a i r  =. ------- 

o f f s e t  of  blade' f r  

smeepback o f  k l a d e  t i p  f ron  f e a t h e r i n g  a x i s  

.'f a t 11 e r i ng i x i S 

0 ,  s o l i d i t y  o r  ratio between t o t a l  b l ade  area and 
d i s k  a r e a  

I ,  . .  

6, a v e r a g e  p r o f i l e  drag c o e f f i c i e n t s  of, bla,de , ). pro-  

B ,  

f i l e  

f a c t o r  e ip rc s i ix ig  ' a i lbwance  t o  b e  matie i n  i n t e g r a t -  
i n g  a l o n g  radius  t o  account  f o r  t i p  l o s s e s  

. r 

C o cr'f i c  i en t s : ., . . .  - 1  . .  
m 

CT, t h r u s t  c o c f f i c i e n t  = ----------- .. . .. 
7T 6 2 :  cy Ha ,,. 

:" . .. 
Z r  

CL,, r o t o r  l i f t  c o e f f i c i e n t  = ---------- 2 
& p V  n R a  

h' 

f, p r o p e l l e r  t h r u s t  c o e f f i c i e u t  'based- on 'uiiYiisturbed 
rn 

," 
- 7  
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C o e f f i c i e n t s  (cont.): 

F, p r o p e l l e r  thrust  c o e f f i c i e n t  based  on l o c a l  veloc-  
rn 
A '  

i t y  a t  p r o p e l l e r  = ----------- 2 2 
2 n R  p u z  

c D r  1 9 ,  r o t o r  d rag  c o e f f i c i e n t  a t  90' a.ngle o f  a t t a c k  = 

Misce l laneous :  

p,, r a t i o  between component o f  speed of t r a n s l a t i o n  
't i n  p l a n e  o f  d i sk  and t i p  speed 

a 

h ,  r a t i o  between a x i a l  component o f  r e s u l t a n t  t r a n s l a -  
t iona l .  v e l o c i t y  and t i p  speed  

- EXAIviPLES 

I n  o r d e r  t o  i l l u s t r a t e  t h e  i n f l u e n c e  of t h e  r o t o r  pa- 
r a m e t e r s  on t h e  o v e r - a l l  performance of t h e  r o t o r ,  curves  

have  been c a l c u l a t e d  f o r  a of L/D as  f u n c t i o n s  o f  

t y p i c a l  r o t o r  having  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  
'Lr 

g --- 0.10 

0 = 0.10 

a. = 

6 = 0.0120 

0.0698 r ad .  = 4' 

a = 5.00 

y = 0.004 

B = '3.950 

F i g u r e s  3 t o  5 ,  i ncLus ive ,  S ~ O W  t3.e e f f e c t  o f  v a r y i n g  
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’0, and 6. The c a l c u l a t e d  l o n g i t u d i n a l  and l a t e r a l  pos i -  
t i o z l s  of t h e  r o t o r  c e n t e r  of p r e s s u r e  i n  terms o f  p e r c e n t  
o f  t h e  r a d i u s  a r e  shown i n  f i g u r e - 6  f o r  t h e  t y p i c a l  r o t o r ,  

D I S CUSS ION 

The development of an aerodynamic t h e  y of  t h e  gyro- 
p l a n e  i n  a mathemat ica l  f o r m  n e c e s s a r i l y  i n v o l v e s  s impls-  
f i c a t i o n s  and assumpt ions ,  The m a j o r  sou rces  o f  e r r o r  i n  
t h i s  t h e o r y  a r e  t h e  assumpt ions  made concern ing  t h e  un i -  
fopni i tg  of .-the in f low and t h e  e q u a l i t y  of t a n  Cp w i t h  9 .  
The in f low p robab ly  v a r i e s  m a t e r i a l l y  over  t h e  r o t o r  a r e a ¶  
c o n s i d e r i n g  t h e  form and r e l a t i v e  p o s i t i o n s  of t h e  b l a d e  
t i p  . v o r t i c e s .  The in:flueoce of t h e  uniforrn ,i?llflow i s  a 
rough ave rage  o f  t h e  i n € l u e n c e  of t h e  nonuii 
however, and shou ld  i n t r o d u c e  no s e r i o u s  e r  
p r e s s i o n s  f o r  t h e  :ret f o r c e s ,  The a n g l e  y i s  l a r g e  on ly  
when t h e  r e s n l t a n t  v e l o c i t y  i s  small, s o  t h a t  a g a i n  t h e  
e r r o r s  i n  t h e  n e t  f o r c e s  a r e  smal l ,  

E r r o r s  o f  l e s s e r  importance.  a r e  i n t r o d u c e d  by t h e  as- 
sumptions t h a t  t h e  aeroagnamic f o r c e  o n  t h e  b l a d e  element 
i s  independent  of  v e l o c i t i e s  a l o n g  t h e  b l ade  radius, and 
t h a t  t h e  t i p  l o s s e s  are c a l c u l a b l e  by t h e  method g iven ,  
Some energy w i l l  be d i s s i p a t e d  i i z  t h e  s k i n  f r i c t i o n  be- 
tween t h e  b l a d e  a;ld t h e  r a d i a l  a i r  flow, but s i n c e  any 
computat ion o f  t h i s  esergJr l o s s  would  be an approximat ion  
i t  mas thought  b e s t  t o  n e g l e c t  i t .  It seems r e a s o n a b l e  
t o  expect  t1ij.s f a c t o r  t o  be sma l l ,  T i D  l o s s e s  have been 
t a k e n  i n t o  account  approx ima te ly ,  a l t h o u g h  t h e  accu racy  
o f  t h e  assumpt ion  made conce rn ing  t h e  e f f e c t i v c  r a d i u s  
(BR) i s  u n c e r t a i n .  

l 

The t r e a t m e n t  g i v e n  i n  t h i s  pape r  c o n s i d e r s  t h e  s i m -  
p l e s t  form o f  a b l ade  - one v i t h  c o n s t a n t  chord s a d  p i t c h  
a i ig le ;  a s i m i l a r  t r e a t m e a t ,  however, can  be a p p l i e d  t o  aziy 
b l a d e  i n  which t h e  chord o r  p i t c h  a n g l e  i s  n g iven  func- 
t i o n  of t h e  r a d i u s .  I t  i s  on ly  n e c e s s a r y  t o  s u b s t i t u t e  
t h e  g iven  f u n c t i o n  f o r  c and .ao b e f o r e  i n t e g r a t i n g  
f r o m  0 t o  R a l o n g  t h e  r a d i u s ,  ant! t h e  r e s u l t  o b t a i n e d  
w i l l  exp res s  t h e  d e s i r e d  r e l a t . i o n ,  I t  should be remem- 
b e r e d ,  however,  t h a t  t h i s  aerodynaraic a i za lys i s  i n . i t s  s i m -  
p l i f i e d  ’ fo rm i s  of  doub t fu l  va1w.e q u a n t i t a t i v e l y ,  a l t h o u g h  
i t s  q u a l i t a t i v e  accu racy  shou ld  be s a t i s f a c t o r y .  
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The i l l u s t r a t i v e  e x a q l e s  p r e s e n t e d  i n  f i g u r e s  3 t o  5 
show t h e  t y p e  of v a r i a t i o n  i n  l i f t - d r a g  r a t i o  t o  be ex- 
p e c t e d  mi.trh: ch’ahges in‘tbee:*:ro.tor c o n s t a n t s .  : . I t  
e s t i n g  t o  n o t e  t h a t  a . s m a l l  s o l i d i t y  i s  advantag  
a t  ve ry  Low l i f t  c o e f f i c i e n t s .  The i n c r e a s e  i n  
r a t i o  w i t %  p i t c h . a n g l e  i s  somewhat misleadi’ng,  ~ i n c e . w i t ’ h  
normal a i r f o i l s  t h e  p i t k h  aiiglg can .be  i i l c reased  but. 
s l i g h t l y  beyond 4’ without  adve r se  e f f e c t s  upon t h e  au to-  
r o t a t i o ’ n ;  F5gure 6 s t iows  t h e  v a r i a t i o n  . i n < p i . t c h i n g  axa  . 
r o l l i n g  *‘centers  o f  p p e s s u r s  with.23.Pt  c o e f f i c i e n t ;  t h e  
rolling moment a r i s e s  from t h e  fact  t h a t  t h e  c e n t e r  of 
t h r u s t  i s  a t  a g r e a t e r  d i s t a n c e  f rom, the , l i ub  o n  t h e  r e -  
t r e a t i n g  b l a d e ,  s o  tha t  f o r  swept-back b l a d e s  t h e  t h r u s t  
tw i s t i r i g  .moment‘ on t L i s  b l a d e  b a l a n c e s  t h e  t w i s t i n g  momeqt 
o f  a s rna l le r” t2 i rus t  on t h e  o p p o s i t e  bl’ade. 

The a p p l i c a t  i Q n  o f  t h e  aerodynamic p r i n c i p l e s  p r e s e n t -  
ed h e r e  i s  e s s e n t i a l l y  a s t r u c t u r a l  p r o b l k n i .  .The b l ade  
p a i r  i s  s t r e s s e d  i n  bending and t e n s i o n ,  and y e t  must be 
h e l d  i a  the‘l-rub i n  b e a r i n g s  t h a t  p s r n i t  f r e e  r o t a f i o n .  . 
Tors ion  i n  t h e  b l ades  must be cons ide red  i n . r e l a t i c n  t o  
p o s s i b l e  v i b r a t i o n s .  30 i n s u p e r a b l e  d i f f i c u l t i e s  a r e  an- 
t i c i p a t e d ,  however, s i n c e  t h e  o b s t a c l e s  t o  be overcome 
a r e  f o r  t h e  m o s t  p a r t  s imilar  t o  t 3 o s e  s u c c e s s f u l l y  d e a l t  
w i t h  i n  t h e  a u t o g i r o .  

C ON C LU S I OB S 

The Gyroplane i s  a e r o d y u a n i c a l l y  sound,  and i t s  p r o m  
i s e  j u s t i f i e s  f u r t h e r  r e s e a r c h .  

The aerodynamic theory.  of  t h e  gyroplane  h e r e  developed 
e x p r e s s e s  s a t i s f a c t o r i l y  t b e  q u a l i t a t i v e  r e l a t i o n s  be twee i  
t L e  r o t o r  c h a r a c t e r i s t i c s  and t h e  d e s i g n  p a r a n e t e r s  o f  t h e  
r o t o r .  

Langley Memorial A e r o n a u t i c a l  Labora to ry ,  
N a t i o n a l  Advisory C o n n i t t e e  f o r  Aeronau t i c s  , 

Langley F i e l d ,  V a . ,  J anua ry  6 ,  1934, 
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Figure I .-Gyroplane r o t o r  

Fig. 1 
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Figure 2.-Propeller Kiri is t  coefficients -based on resiltaiit ve- 
locity a:id velocity of translatior. 
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Figure Z.-Variation of gyroplane r o t o r  lift-drag ratio vitli pitch angle. 
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Figure 4.-Variation o f  gyroplane r o t o r  l i f  t-draf; r a t i o  with so l id i ty .  
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Figure 5.-Variation of gyroplane r o t o r  lift-drag ratio w i t h  blade-section 

average profile drag coefficient. 
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Figure 6 .-Gyrop1.m.e r o t o r  center-of--~ressil.re travel as a fuxtion of 
r o t o r  l.ilt coefficient. 


